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successful	invaders	(Gammarus tigrinus,	Pontogammarus maeoticus,	and	Obesogammarus 
crassus)	 and	 strictly	 restricted	 to	 their	native	 regions	 (Gammarus locusta,	Gammarus 
salinus,	Gammarus zaddachi,	and	Gammarus oceanicus).	Despite	that	genetic	diversity	
did	not	differ	between	invasive	and	non-invasive	species,	we	observed	that	popula-
tions	 of	 non-invasive	 species	 showed	 a	 higher	 degree	 of	 genetic	 differentiation.	
Furthermore,	we	found	that	both	geographic	and	evolutionary	distances	might	explain	
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1  | INTRODUCTION
Contemporary	 scenarios	 of	 species	 colonizing	 new	 habitats	 are	 ex-
plained	by	anthropogenically	driven	introductions	and/or	the	ongoing	
shifts	in	climatic	conditions	(Capinha,	Essl,	Seebens,	Moser,	&	Pereira,	
2015;	Hellmann,	 Byers,	 Bierwagen,	&	Dukes,	 2008).	While	 the	 for-
mer	 literally	 transport	 organisms	 from	 its	 natural	 distribution	 into	
non-	native	ranges	(Lockwood,	Hoopes,	&	Marchetti,	2013),	the	latter	








The	 result	of	 such	huge	 inter-	regional	mixing	of	 species	 is	 a	patchy	
geographic	 distribution	 (Briski	 et	al.,	 2013;	 Lockwood	 et	al.,	 2013;	
Sylvester	et	al.,	2011).




genetic	 research	 is	 routinely	 used	 to	 characterize	 indices	 of	 diver-
sity,	 identify	source	populations,	discriminate	between	 translocation	










fixation	 indices	 together	with	other	metrics	can	be	an	 important	 in-
dicator	 to	 understand	 biological	 invasions.	 For	 example,	 in	 a	 recent	
study,	Gaither,	Bowen,	and	Toonen	(2013)	investigated	whether	FST—a 
commonly	used	fixation	index—and	dispersal	capacity	could	forecast	
invasion	 success	 (Gaither	 et	al.,	 2013).	 The	 authors	 found	 that	 FST 
among	populations	in	the	native	range	negatively	correlated	with	the	












explanation	 for	 this	discontinuities	 in	 the	colonization	process,	 such	
has,	multiple	colonization	events,	genetically	distinct	sources	of	intro-












(Hou	 et	al.,	 2014).	 Nowadays,	 these	 organisms	 are	 represented	 in	
nearly	every	type	of	aquatic	environments	and	it	is	common	to	encoun-
ter	 the	 same	 species	 in	highly	distinct	 salinity	 ranges.	 It	 is	 therefore	













rivers	 and	 canals	 (Bij	 de	 Vaate,	 Jazdzewski,	 Ketelaars,	 Gollasch,	 &	












on	 taxonomical	 resolution	 through	DNA	barcoding,	as	 it	 is	hypothe-






focused	on	 seven	gammarid	 species	 chosen	based	on	 their	variable	
invasive	 propensities:	 G. tigrinus,	 P. maeoticus,	 and	 O. crassus have 
established	populations	outside	 their	native	 ranges,	while	G. locusta,	
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G. salinus, G. zaddachi,	 and	 G. oceanicus	 are	 apparently	 restricted	 to	
their	 native	 ranges.	 For	 the	 sake	of	 consistency,	we	will	 henceforth	
call G. tigrinus,	P. maeoticus,	and	O. crassus	as	 invasive	and	G. locusta,	





Despite	 that	 Gaither	 et	al.	 (2013)	 reported	 that	 less	 structured	
populations	 are	 more	 likely	 to	 disperse/invade	 new	 habitats,	 we	
were	not	able	to	measure	natural	dispersal	 for	any	of	the	species	 in	
this	 study.	Therefore,	we	 hypothesize	 that	 population	 structure—as	 
estimated	 by	 FST—will	 be	 higher	 among	 native	 populations	 of	 non-
invasive	species.	Furthermore,	due	 to	 the	 recurrent	 identification	of	
deep	evolutionary	 lineages	within	 this	 genus	 (Cristescu	et	al.,	 2003;	
Hou	et	al.,	2014),	we	hypothesize	that	(1)	owning	to	the	result	of	long-	
term	natural	microevolutionary	processes,	population	differentiation	
will	 correlate	 preferentially	with	 geographic	 distance	 in	 populations	




2.1 | Sample field collection, amplification, 
sequencing, and data collection from the NCBI
Specimens	of	five	species	were	collected	in	their	native	areas,	whereas	
those	 of	G. tigrinus,	 due	 to	 practicality	 and	 distance	 from	 available	
testing	station,	were	collected	in	their	invaded	regions	(Table	S1).	We	
amplified	 and	 sequenced	 the	mtDNA-	COI	 of	 six	 gammarid	 species	
collected	from	Northern	Europe	and	Ponto-	Caspian	region:	G. tigrinus,	







et	al.	 (2006).	 PCR	 amplifications	 were	 carried	 out	 in	 20μl	 volume	





at	69°	 for	45	s,	and	a	 final	extension	step	of	69°C	 for	10	min.	PCR	
products	were	 prepared	 for	 sequencing	 using	 a	BigDye	Terminator	
v3.1	cycle	sequencing	kit	 (Thermo	Fisher	Scientific,	Waltham,	USA),	
purified	with	 a	BigDye	XTerminator	Purification	Kit	 (Thermo	Fisher	




2.2 | Alignment and trimming and quality 
check of the sequences per species
The	 sequences	 of	 all	 species	were	 treated	 in	 parallel.	 Downstream	
analyses	were	performed	independently	for	each	species.	Alignments	
were	 performed	 in	 Muscle	 v3.8.31	 with	 default	 conditions	 (Edgar,	
2004).	Sequences	were	trimmed	to	the	same	size	within	species	after	
visual	inspection	in	BioEdit	v7.0.4.1	(Hall,	1999).





lations	of	invasive	species	(G. tigrinus,	P. maeoticus	and	O. crassus)	versus	
those	of	non-invasive	species	(G. salinus,	G. oceanicus,	G. zaddachi,	G. lo-
custa).	Nucleotide	substitution	model	was	estimated	independently	for	
each	species	through	maximum-	likelihood	method	by	allowing	a	strong	
branch	 swapping.	 Best-	fit	 model	 was	 chosen	 according	 to	 Bayesian	
inference	criteria	for	downstream	analyses.	Phylogenetic	relationships	
were	 investigated	 with	 the	 Neighbor-	joining	 method	 (Saitou	 &	 Nei,	







2.4 | Population differentiation and evolutionary  
divergence
Population	differentiation	was	estimated	by	calculating	pairwise	FST 
(Wright,	 1943)	 based	 on	 haplotype	 frequencies	 between	 sampling	
localities	 in	 the	 software	Arlequin	 v.3.5	 using	 10,000	 permutations	
(Excoffier	&	Lischer,	2009).	Statistical	significance	was	assessed	after	
corrections	 for	multiple	 testing	 following	 the	 suggestions	of	Narum	










2.5 | Geographic distances and statistical models
Geographic	 distances	 (in	 kilometers)	 were	 calculated	 by	 comparing	
the	latitude	and	longitude	coordinates	of	each	location	through	java	
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scripts	 implemented	 in	 http://www.movable-type.co.uk/scripts/lat-
long.html.	All	geographic	distances	were	log-	transformed	to	base	10	





G. oceanicus,	G. zaddachi)	differed	 in	the	degree	of	population	struc-














models	 were	 built	 considering	 only	 locations	 within	 the	 same	 geo-
graphic	area.	This	partitioning	was	applied	to	G. tigrinus,	whose	dataset	
was	divided	into	G. tigrinus	from	its	native	range	in	North	America	and	
G. tigrinus	 from	Europe,	and	P. maeoticus,	whose	dataset	was	divided	
into	P. maeoticus	from	the	Black	Sea	and	P. maeoticus	from	the	Caspian	







3.1 | Indices of genetic diversity across species and 




for	G. oceanicus	 (Table	1).	 The	 highest	 number	 of	 segregation	 sites	
of	all	sampled	locations	was	observed	in	the	P. maeoticus	population	
from	Astara	(Stalesh	=	63),	while	the	lowest	was	S	=	0	observed	in	sev-
eral	populations	of	G. tigrinus	 and	G. oceanicus.	 The	highest	number	
of	 haplotypes	within	 a	 sampling	 location	was	detected	 in	 the	G. lo-
custa	population	from	Falckenstein	(nHFalkenstein	=	22),	and	the	lowest	





highest	 value	 recorded	 in	 the	 P. maeoticus	 population	 from	 Astara	





and	 non-invasive	 species	 (Mann–Whitney–Wilcoxon,	 S: Winvasive	 vs.	
non-invasive	=	214,	p	=	.970;	Hd:	Winvasive	vs.	 non-invasive	=	271.5,	p = .166; 
π: Winvasive	vs.	non-invasive	=	90.5,	p	=	.307).	Phylogenetic	reconstructions	
revealed	branch	support	above	75%	bootstrap	value	in	line	with	pre-
vious	studies	 that	 revealed	 the	existence	of	highly	divergent	evolu-
tionary	lineages	(Figure.	S1).	NCBI	accession	numbers	are	available	in	
Table	S1.
3.2 | Population differentiation and evolutionary  




was	 evaluated	 for	 p-	values	<	.01	 (Narum,	 2006).	 In	G. locusta,	 pair-
wise	values	 ranged	between	0.015	and	0.414,	and	66%	of	pairwise	
comparisons	were	 significant.	 For	G. salinus,	 pairwise	 values	 ranged	
between	0	 and	0.604,	 and	83%	of	 the	 total	 comparisons	were	 sig-
nificant.	 In	 the	 case	 of	G. tigrinus,	 pairwise	 FST	 ranged	 from	 0	 and	
1.000	with	78%	of	the	total	comparisons	being	significant.	All	com-
parisons	were	 significant	 in	 the	 case	of	G. oceanicus,	where	 the	FST 





















nus	in	North	America	and	G. oceanicus	(G. tigrinusNorth	America: t	=	4.287,	
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TABLE  1  Indices	of	genetic	diversity	calculated	for	each	population	within	each	species.	Alignment	and	trimming	of	the	sequences	were	
performed	independently	for	each	species.	The	species-	specific	total	size	of	COI	fragment	is	shown	in	the	respective	header
Population n S nHap Hd π Distribution
G. locusta—570	bp
Falckenstein 28 35 22 0.986 0.005 Native
Helgoland 24 23 11 0.862 0.006 Native
Warnemünde 18 21 13 0.954 0.005 Native
G. salinus—605	bp
Falckenstein 11 13 7 0.873 0.007 Native
Helgoland 15 26 6 0.762 0.010 Native
Travemünde 14 23 9 0.835 0.012 Native
Puck	Bay 7 5 4 0.714 0.003 Native
G. tigrinus—509	bp
Travemünde 10 0 1 0.000 0.000 Non-	native
Liu 22 20 5 0.732 0.018 Non-	native
Pärnu 19 22 7 0.784 0.017 Non-	native
St.John 9 1 2 0.222 0.000 Non-	native
St.Lawrence 24 11 2 0.290 0.006 Non-	native
Huron 7 0 1 0.000 0.000 Native
Berry	creek 11 2 3 0.655 0.002 Native
Delaware 6 11 3 0.600 0.007 Native
Deemers	Beach 19 8 2 0.491 0.008 Native
Virginia 40 25 18 0.918 0.011 Native
Hudson 25 1 2 0.080 0.000 Non-	native
Rhode	Island 10 4 5 0.756 0.002 Native
Chesapeake 12 5 2 0.409 0.004 Native
Neuse 9 3 4 0.583 0.002 Non-	native
Turku 10 21 4 0.711 0.021 Non-	native
Vistula 10 19 2 0.200 0.007 Non-	native
Brody 9 21 4 0.806 0.020 Non-	native
Byton 9 20 3 0.722 0.022 Non-	native
Anleger 10 0 1 0.000 0.000 Non-	native
Dierhagen 10 20 3 0.733 0.021 Non-	native
Ruhr	Metropolis 6 4 3 0.800 0.004 Non-	native
Werra 10 0 1 0.000 0.000 Non-	native
Gouwzee 10 5 2 0.200 0.002 Non-	native
Bann 9 9 3 0.556 0.007 Non-	native
Neagh 12 4 3 0.530 0.003 Non-	native
G. oceanicus—490	bp
Geomar 14 2 2 0.143 0.001 Native
Maine 12 3 3 0.621 0.003 Native
Maine2 21 0 1 0.000 0.000 Native
St.Lawrence 17 2 3 0.485 0.002 Native
Sudurland 8 0 1 0.000 0.000 Native
Poland 42 11 8 0.347 0.003 Native
P. maeoticus—515	bp
Bandar-	e	Anzali 29 6 6 0.374 0.001 Native
Jafrud 22 6 6 0.411 0.001 Native
(Continues)
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distance,	where	higher	FST	were	explained	by	 larger	geographic	dis-
tances	 (G. salinus: t	=	4.603,	 p	=	.019,	 R2	=	.87,	 p	=	.019)	 (Figure	2;	
Table	2).	Interestingly,	we	found	that	the	pairwise	FST	obtained	among	








to	 understand	 the	 processes	 and	mechanisms	 underlying	 biological	
invasions	at	the	molecular	 level.	Our	study	showed	that	despite	the	
wide	 variation	 observed	 in	 indices	 of	 genetic	 diversity	 within	 each	
species	 in	 their	 native	 ranges,	 no	 significant	 differences	 were	 ob-
served	at	any	level	between	populations	of	non-invasive	and	invasive	
species.	Population	genetic	structure	was	pervasive	among	pairwise	
comparisons	 within	 each	 species,	 but	 interestingly,	 populations	 of	
non-invasive	species	produce	significantly	higher	levels	of	differentia-




Kelly,	MacIsaac,	 et	al.,	 2006).	The	 relationships	between	population	
differentiation,	geographic	distances,	and	evolutionary	distances	 re-
vealed	a	distinct	 sort	of	patterns.	However,	only	 those	observed	 in	
G. salinus	and	G. tigrinus	in	Europe	did	fall	in	line	with	our	expectations.
4.1 | Genetic diversity and population 





terized	 a	 phylogeographic	 pattern	 dominated	 by	 divergent	 lineages	





gruence	of	 patterns	was	 found	 in	G. zaddachi	 and	G.	salinus,	 as	 sug-




of	 distinct	 populations.	Gammarus locusta,	G. salinus,	 and	G.	zaddachi 
presented	 less	 structure,	with	 punctual	 cases	 that	 could	 be	 justified	
Population n S nHap Hd π Distribution
Shafarud 22 13 11 0.714 0.003 Native
Sulina1 7 7 7 1.000 0.005 Native
Sulina2 8 6 6 0.929 0.003 Native
Kazantip 5 16 5 1.000 0.016 Native
Astara 9 63 9 1.000 0.048 Native
Talesh 8 56 7 0.964 0.029 Native
Gisoom 6 6 5 0.933 0.004 Native
Bandar-	e	Anzali2 7 56 6 0.952 0.031 Native
Kia 6 5 5 0.933 0.003 Native
Motel 6 6 6 1.000 0.004 Native
Noor 6 4 5 0.933 0.003 Native
Mahmood 8 7 8 1.000 0.003 Native
Khazar 8 53 6 0.893 0.027 Native
G. zaddachi—588	bp
Warnemünde 24 44 10 0.667 0.00692 Native
Kronenloch 26 46 12 0.926 0.01542 Native
United	Kingdom 5 4 2 0.4 0.00272 Native
O. crassus—597bp
Gisom 14 6 3 0.538 0.00392 Native
Havigh 18 22 8 0.778 0.00858 Native
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by	the	geographic	specificities	of	the	environment.	For	instances,	FST 
estimates	of	G. locusta	revealed	that	the	population	from	Falckenstein	
is	 isolated	 from	 the	 others,	which	 can	 be	 explained	 by	 Falckenstein	
being	located	in	an	inner	location	within	a	fjord	that	extends	kilometers	
into	continent.	The	other	two	populations	are	most	 likely	connected	











lutionary	 time	 scales	 (Via,	 1999;	Via	 2001).	Nevertheless,	 our	 study	
provided	the	first	information	at	population	genetic	level	for	G. salinus 
that	can	be	a	valuable	resource	for	cataloging	biodiversity	of	the	Baltic	
Sea	at	 the	molecular	 level,	which	 is	 suspected	 to	be	significantly	 re-
duced	in	comparison	with	other	regions	(Johannesson	&	Andre,	2006).
4.2 | Genetic diversity and population differentiation 
of invasive species
Of	all	 invasive	species	 investigated	 in	our	study,	G. tigrinus	was	one	
of	the	two	species	where	published	information	partially	overlapped	
with	ours	and	in	this	case	much	due	to	the	work	of	Kelly,	MacIsaac,	
et	al.	 (2006),	Kelly,	Muirhead,	et	al.	 (2006).	Those	authors	 identified	
four	main	clades—N1,	N2,	N3,	and	N4—across	 the	species	distribu-





and	 N4	 (also	 present	 in	 Europe).	 Travemünde	 population	 is	 appar-
ently	composed	of	descendents	of	G. tigrinus	introduced	in	the	Werra	
river	 in	 the	1960s,	while	 the	other	 locations	 suggest	a	 stepwise	 in-
troduction	along	the	pathway	North	America–British	Isles–Baltic	Sea	
(Kelly,	Muirhead,	et	al.,	2006).	On	the	one	hand,	comparison	of	aver-





non-	native	 ranges	when	 performing	 pairwise	 comparisons	 between	
sources	and	sinks	(Kelly,	Muirhead,	et	al.,	2006).	In	contrast,	the	sig-























4.3 | Genetic diversity and population differentiation 













G. salinus,	G. Oceanicus,	and	G. zaddachi.	The	group	invasive	included	
G. tigrinus,	P. maeoticus,	and	O. crassus
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of	diversity	and	differentiation	suggests	that	genetic	diversity	is	more	
segregated	 in	non-invasive	 species.	Perhaps	 the	most	parsimonious	
justification	is	that	this	conjugation	of	patterns	constitutes	a	spurious	






by	 screening	 diversity	 at	 a	 single	 genetic	marker	 does	 not	 provide	





















4.4 | Relationships between estimates of population 




relationships	 in	 native	 populations;	 the	 exception	 was	 G. tigrinus 
from	which	we	were	able	to	analyze	relationships	both	for	its	North	
American	 native	 range	 and	 European	 non-	native	 range.	 For	 those	
distributed	 in	 their	native	 ranges,	we	 found	distinct	patterns	of	dif-
ferentiation–distances	relationships	(Figure	2).	Gammarus salinus	was	
the	only	species	for	which	we	found	a	positive	correlation	between	




2001).	 However,	 we	 cannot	 exclude	 the	 potential	 effect	 of	 local	
adaptation	to	each	site	that	could	lead	to	gene	flow	restrictions	among	
populations	 (Orsini,	 Vanoverbeke,	 Swillen,	 Mergeay,	 &	 Meester,	
2013).	Difference	between	neutral	 and	selective	drivers	behind	 the	




Interestingly,	 none	 of	 the	 species	 reported	 positive	 linear	 rela-
tionship	with	geographic	distances;	G. oceanicus	and	G. tigrinus	 in	 its	





being	 locally	 adapted,	 no	 empirical	 evidence	 exists	 to	 support	 such	
claim.	 Mitochondrial	 variation	 shaped	 by	 selective	 processes	 other	




The	absence	of	 any	 relationship	between	 the	variables	explored	










Estimate SE t p
G. salinus
Intercept −0.999 0.219 −4.556 .020
Evolutionary	distance 11.769 12.860 0.915 .428
Geographic	distance 0.484 0.105 4.603 .019
G. tigrinus	(North	America)
Intercept 0.906 0.146 6.171 .000
Evolutionary	distance 4.287 0.985 4.348 .000
Geographic	distance −0.085 0.046 −1.858 .070
G. tigrinus	(Europe)
Intercept 0.213 0.127 1.679 .096
Evolutionary	distance 25.007 1.947 12.847 2e−16
Geographic	distance −0.107 0.037 −2.916 .004
G. oceanicus
Intercept 0.753 0.244 3.081 .010
Evolutionary	distance 11.423 3.457 3.305 .006
Geographic	distance −0.022 0.065 −0.346 .735
bold	marked	values	refer	to	statistically	significant	effects
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it	is	possible	that	Quaternary	glaciation	cycles	have	impacted	the	dis-
tribution	of	the	species	within	and	between	the	basins	of	the	Caspian	





(Audzijonyte,	 Wittmann,	 Ovcarenko,	 &	 Väinölä,	 2009;	 Grigorovich,	
Therriault,	&	MacIsaac,	2003).
Particularly	 interesting	 are	 the	 relationships	between	 the	 three	
variables	 for	 the	 European	 non-	native	 distribution	 of	 G. tigrinus,	
where	 population	 differentiation	 negatively	 correlates	 with	 geo-
graphic	 distances	 (Figure	2;	Table	2),	 but	 positively	with	 evolution-
ary	 distance.	These	 apparently	 contrasting	 patterns	 are	 partially	 in	
line	with	 the	 introduction	 history	 of	G. tigrinus	 in	 Europe,	 because	
the	introduction	has	occurred	at	limited	spatial	scales	and	from	mul-
tiple	 introduction	 events	 (Kelly,	Muirhead,	 et	al.,	 2006).	This	might	
have	originated	highly	structured	populations	within	the	new	range	
immediately	 after	 the	 introduction,	 therefore	 explaining	 the	 nega-
tive	correlation	between	differentiation	and	spatial	distances.	Next,	
heterogeneous	 patterns	 of	 dispersal	 among	 lineages,	 where	 some	
lineages	 show	 tendency	 to	disperse	more	 than	others,	would	be	 a	
possible	justification	for	the	positive	relationship	observed	between	
geographic	 and	evolutionary	distances.	Other	explanations	may	be	
gene	 surfing,	 a	 phenomena	 of	 random	 causes	 that	might	 occur	 in	
expanding	 populations	 and	 promotes	 structure	 and	 diversification	





4.5 | Future direction and caveats of the study








required	 to	 validate	 and	 understand	 the	 patterns	 brought	 in	 by	 our	
work.	This	would	offer	the	possibility	to	obtain	better	estimates	of	pop-
ulation	differentiation,	 as	 those	are	dependent	on	well-	characterized	
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